This paper deals with the statistical characterization of a stochastic process which is a product of a Rice process and a lognormal process. Thereby, we consider the more general case where the two Gaussian noise processes describing the Rice process are correlated. The resulting process will be named as extended Suzuki process, which can be used as suitable statistical model for describing the fading behaviour of large classes of frequency non-selective land mobile satellite channels. In particular, the statistical properties (e.g. probability density function of amplitude and phase, level-crossing rate, and average duration of fades) of the Rice process with cross-correlated components as well as of the proposed extended Suzuki process are investigated. Moreover, all statistical model parameters are optimized numerically to t the cumulative distribution function and the level-crossing rate of the underlying analytical model to measured data collected in di erent environments. Finally, an e cient simulation model is presented which is in excellent conformity with the proposed analytical model.
I. INTRODUCTION
The product process of a Rayleigh process and a lognormal process is denoted in the literature as Suzuki process 1]. It is well known that such a process is a suitable and widely accepted statistical model for the random variations of the envelope of the received signal of frequency non-selective macrocellular land mobile terrestrial channels 2]. The digital transmission of signals over such channels is disturbed by these random variations and therefore the statistical properties, in particular the level-crossing rate and the average duration of fades, are of special interest and have been investigated thoroughly in 3, 4] . Clearly, the Suzuki process is an adequate statistical model for the land mobile terrestrial channel, where often it is assumed that a direct line of sight component is absent. But for land mobile satellite channels, where for most of the time a direct line of sight component is present, an extension of the Suzuki process is indispensable. Therefore, in 5] a probability distribution model has been proposed which is a combination of a Rice and a lognormal process. In this statistical model the lognormal process models the long-term signal fading due to shadowing, which a ects both the direct line of sight component and the scattered components. Another very popular model, where lognormal shadowing in uences the direct component only, while for the scattered components a constant average power level has been assumed, was introduced by Loo 6, 7] . Furthermore, Lutz et al. 8] proposed a twostate model which represents a Rice process under good propagation conditions and a Rayleigh-lognormal process otherwise. In this paper a so-called extended Suzuki process is proposed. An extended Suzuki process is also de ned by a product process of a Rice process and a lognormal process; but the inphase and the quadrature components describing the Rice process are allowed to be mutually correlated what is equivalent to considering asymmetrical Doppler power spectral densities. Moreover, we include in our model the more general situation where the direct line of sight component is frequency shifted due to the Doppler e ect. The derivation and investigation of the statistical properties of extended Suzuki processes is the main intent of our paper. Hence, the paper provides us with a symbiotic association of the land mobile satellite channel model proposed in 5] and the theoretical investigation of modi ed Suzuki processes presented in 3, 4] . A further intention of the paper is to present an e cient deterministic simulation model, which requires less expenditure of simulation time and hardware amount than conventional simulation models. Furthermore, it will not only be demonstrated that the simulation model has nearly the same statistical properties as the underlying analytical model, but also that the resulting rst and second order statistics of both models (analytical and simulation) can be tted to measurement results of real-world land mobile satellite channels. The paper is organized as follows. In Section II, we will describe the Rice process with cross-correlated inphase and quadrature components. It will be shown how for such processes an expression can be derived for the joint probability density function of the amplitude, phase, and their corresponding time derivatives. From that joint probability density function various other relevant functions providing us with information about the statistics of the considered Rice process will be derived, such as the probability density function of the amplitude and phase as well as the level-crossing rate and the average duration of fades. In Section III, we will recapitulate the lognormal process, and we will derive for that process the joint probability density function of the amplitude and its time derivative, which will be of further importance. In Section IV, we pick up the results of the previous two sections for the derivation of the statistics of the extended Suzuki process. Finally, in Section V we present a new simulation model. Moreover, we will demonstrate the power of the proposed procedure by matching the cumulative distribution function and the level-crossing rate of both models (analytical and simulation) to the corresponding quantities of a real-world land mobile satellite channel for light and heavy shadowing environments. Section VI concludes the paper with a recapitulation of the main results.
II. THE RICE PROCESS
Throughout the paper we are dealing with frequency non-selective land mobile channel models which will be described by making use of the complex baseband representation of passband signals.
For land mobile terrestrial channels, where often it is assumed that a direct line of sight component is missing, a complex Gaussian noise process (t) = 1 (t) + j 2 (t) (1) usually is used as stochastical model for describing the fading behaviour of the received signal in the equivalent baseband. Thereby, one assumes in general that 1 (t) and 2 (t) are uncorrelated stationary real Gaussian noise processes with zero means and identical variances (mean powers) 2 1 = 2 2 = 2 o . If a direct line of sight component is present, what is often the case for land mobile satellite channels, we have to superimpose the complex Gaussian noise process (t) with a complex direct line of sight component (direct component) m(t) = m 1 (t) + j m 2 (t) = e j(2 f t+ ) ; (2) where ; f , and are the amplitude, Doppler frequency, and phase of the direct component, respectively. In order to make the mathematical expenditure as simple as possible, it is often assumed that the Doppler frequency f and the phase are both equal to zero. Then the direct component (2) is independent of time and its inphase and quadrature components m 1 and m 2 are given by m 1 = and m 2 = 0, respectively. In the following we consider the general case, where it is assumed that f and are unequal to zero. In consequence of this assumption, we can use for all environments, where the in uence of the direct component m(t) can not be neglected, the complex stochastical process (t) = 1 (t) + j 2 (t) = (t) + m(t) (3) and in particular its absolute value (also denoted as envelope) (t) = j (t)j = p ( 1 (t) + m 1 (t)) 2 + ( 2 (t) + m 2 (t)) 2 (4) as an appropriate statistical model for the description of the fading behaviour of land mobile satellite channels. Of course the validity of that model can only be maintained as long as the local mean, i.e. the average value of the received signal over a few tens of wave-lengths, is approximately constant. Clearly, this is only the case when the vehicle covers a short distance. For longer distances, the local mean itself is a random process and the envelope of the received signal may be modelled more precisely by an extended Suzuki process as will be described in Section IV.
A widely accepted assumption for the Doppler power spectral density (psd), S (f), that is de ned by the Fourier transform of the autocorrelation function r ( ) of the complex Gaussian noise process (t), is the Jakes psd 9] S (f) = (5) where f max denotes the maximum Doppler frequency and 2 2 o is the sum of the mean powers of the processes 1 (t) and 2 (t). The shape of the Jakes psd S (f), as shown in Fig. 1(a) , is based on the assumption that the distribution of the incident directions of the received multipath waves are equally distributed. But such an assumption does not always meet the real-world conditions in multipath wave propagation, where often some of the transmitted waves are blocked by obstacles 3, 4] . In consequence, the distribution of the incident directions of the incoming waves and likewise the resulting Doppler psd S (f) are asymmetrical. An example of such an asymmetrical shape of the Doppler psd S (f) is depicted in Fig. 1(b) . This Doppler psd corresponds to a uniform angle of arrival distribution everywhere except for the sector ( ? ; + ), where is dependent upon the parameter o = f min =f max (in particular, = 0 for o = 1). To show that this is a reasonable assumption, we carry out in Section V a proper tting procedure against various measured data obtained in di erent environments.
It will be of further advantage for a profound understanding of the paper to consider a procedure how an asymmetrical Doppler psd function S (f) can be derived from two individual symmetrical Doppler psd functions S 1 1 (f) and S 2 2 (f) as presented in Figs. 1(c) and 1(d), respectively. Therefore, let us take a look at the basic structure of the analytical model for a Rice process with cross-correlated components as shown in Fig. 2 . From that structure we can immediately read the relations 1 (t) = 1 (t) + 2 (t) ; 2 (t) = 1 (t) ? 2 (t) ; (6a,b) where i (t) denotes a ltered Gaussian noise process that is obtained by passing white Gaussian noise n i (t) with zero mean and unit variance through an ideal lter with transfer function H i (f) = p S i i (f), and i (t) designates the corresponding Hilbert transform of i (t), i = 1; 2. The Hilbert transform i (t) is the response of a system with transfer function H(f) = ?jsgn(f) to the real process i (t) 10]. The white Gaussian noise processes (WGN) n 1 (t) and n 2 (t) are imposed to be uncorrelated and hence the autocorrelation function of the complex process (t) = 1 (t) + j 2 (t), de ned by r ( ) = Ef (t) (t + )g, where Ef g denotes expectation (statistical averaging), can be expressed by the autocorrelation function (acf) of i (t) (i = 1; 2) and the cross-correlation function (ccf) of i (t) and i (t) as follows r ( ) = 2 r 1 1 ( ) + r 2 2 ( ) + j(r 1 1 ( ) ? r 2 2 ( )]: Fig. 1(b) . Subsequently, we will see that the level-crossing rate and the average duration of fades of the envelope (t) = j (t)j are dependent on Fig. 1(a) ) and thus the processes 1 (t) and 2 (t) are uncorrelated, then the expressions for the quantities in (11) are given by 0 = 2 o , 0 = ?2( o f max ) 2 , and _ 0 = 0.
A starting point for the derivation of the statistics of Rice processes with asymmetrical psd function S (f) is given by the joint probability density function p 1 2 _ 1 _ 2 (x 1 ; x 2 ; _ x 1 ; _ x 2 ) of the stationary processes 1 (t), 2 (t), _ 1 (t), and _ 2 (t) (see (3)), where the overdot indicates time derivative. Before considering that joint probability density function it is worth mentioning that if i (t) is a real-valued stationary Gaussian noise process with 6 mean E f i (t)g = m i (t) and variance V ar f i (t)g = V ar f i (t)g = r i i (0) = 0 , then its time derivative _ i (t) is also a real-valued stationary Gaussian noise process with mean E f _ i (t)g = _ m i (t) and variance V ar f _ i (t)g = V ar f _ i (t)g = r _ i _ i (0) = ? r i i (0) = ? 0 . Hence, it follows that the joint probability density function can be expressed by the multivariate (12) where T indicates the transpose of a vector, x and m are column vectors de ned by
respectively, and C ?1 (detC ) denotes the inverse (determinant) of the covariance matrix
for i; j = 1; 2 and k; l = 0; 1. In (15c) we used the wide-sense stationary property, which implies that the autocorrelation functions and cross-correlation functions are only dependent on the time di erence = t j ? t i , i.e. r (k) i (14) and (15c) it follows that the covariance matrix C of the vector process = ( 1 ; 2 ; _ 1 ; _ 2 ) T is identical with the correlation matrix R of the vector process = ( 1 ; 2 ; _ 1 ; _ 2 ) T , i.e.
For the derivation of the level-crossing rate and the average duration of fades, we have to consider the statistics of the processes Now, by making use of the abreviations introduced by (11a-f), we can express the covariance (correlation) matrix (16) 
After substituting (17) in (12) and applying hereinafter the transformation of the cartesian coordinates (x 1 ; x 2 ) to polar coordinates (z; ) by using z = q x 2 1 + x 2 2 ; = arctan x 2 x 1 ; (18a,b)
we obtain with the Jacobian J of that transformation because from +p _ # _ # (z; _ z; ; _ ) the probability density function of the amplitude and phase of the process (t) (see (3)) can be derived. Moreover, the joint pdf p _ # _ # (z; _ z; ; _ ) provides the basis -as we will see in Section II-B -for the computation of the levelcrossing rate and the average duration of fades of the Rice process (t) = j (t)j, where the real and imaginary components of the complex process (t) = 1 (t) + j 2 (t) are allowed to be correlated.
A. Amplitude and Phase Probability Density Functions
The probability density function (pdf) of the process (t), p (z), can be derived from (20) by solving the integrals over the joint pdf p _ # _ # (z; _ z; ; _ ) according to 
where I o ( ) is the zeroth order modi ed Bessel function of the rst kind. Hence, the process (t) is a Rice process as it was constructed; and in the limit for ! 0 ; p (z) tends to the well known Rayleigh distribution 10]. We observe from (23) that neither _ o nor o have an in uence on the amplitude pdf p (z), and thus p (z) is only a ected by the cross-correlation between 1 (t) and 2 (t) via the mean power of i (t) that is described by 0 (see (11a)). Consequently, the exact shape of the Doppler psd function S (f) has no in uence on p (z).
In a similar way, the phase pdf of the process (t), p # ( ), can be derived. Therefore, we have to solve the integrals over the joint pdf p _ # _ # (z; _ z; ; _ ) according to
The result is given by p # ( ) = p # ( ; t) = e 2 Also in this case, we observe that neither the _ 0 nor 0 have an in uence on the pdf p # ( ).
We also observe, that (25) depends on time if f 6 = 0. In cases where f = 0 the phase angle of the direct component produces a constant phase shift of the pdf p # ( ) by the same amount, i.e. p # ( ; ) = p # ( ? ; 0). In the limit for ! 0, p # ( ) tends to the uniform distribution, i.e. p # ( ) = 1
B. Level-Crossing Rate and Average Duration of Fades
The level-crossing rate, N (r), is the average number of crossings per second at which the envelope (t) crosses a speci ed signal level r with positive slope. In general, the level-crossing rate N (r) for any wide sense stationary random process is de ned by 11]
where p _ (r; _ z) is the joint pdf of (t) and _ (t) at the same time and at the level z = r. From (20) we obtain after some computations for that joint pdf the following result 
and thus, the processes (t) and _ (t) are statistically independent. Now, the level-crossing rate N (r) of a Rice process (t) with cross-correlated components will be derived. Therefore, we mearly have to substitute (27) in (26), and after carrying out some lengthy algebraic computations we nally nd the result T (r) = P (r) N (r) ;
where P (r) indicates the probability that the process (t) is found below the level r, i.e. P (r) = P( (t) r). Note that P (r) can easily be derived from (23) 
III. THE LOGNORMAL PROCESS
a lognormal process. Such a lognormal process will be derived in our paper from a third real Gaussian noise process, 3 (t), with zero mean and unit variance according to (t) = e 3 3 (t)+m 3 ;
(34) where 3 and m 3 are parameters which describe the extent of the variation of the local mean. The process 3 (t) is statistically independent of the processes 1 (t) and 2 (t). For the spectral shape of the process 3 
where c is related to the 3-dB cuto frequency f c according to f c = c p 2 ln 2. We note that f c is in general much smaller than the maximum Doppler frequency f max , and it will be appropriate to introduce for the ratio f max =f c the symbol c , i.e c = f max =f c . It has been turned out that if c > 10, the parameter c itself as well as the shape of the psd function S 3 3 (f) are of no great in uence on the statistical properties of the resulting Suzuki process 3]. Other types of psd functions S 3 3 (f) have been investigated by using RC-lowpass lters and 3-pole Butterworth lters in 3] and 7], respectively. By performing the inverse Fourier transform on (35), we obtain the corresponding acf r 3 3 (t) of the Gaussian process 3 (t) according to r 3 3 (t) = e ?2( ct) 2 : (36) A basic scheme for the analytical model of lognormal processes is shown in Fig. 5 . The pdf of the lognormal process (t), p (y), is described by p (y) = In the next section, we derive the level-crossing rate of the extended Suzuki process. For that purpose, the joint pdf of the lognormal process (t) and its time derivative _ (t) at the same time t is required. This joint pdf, denoted by p _ (y; _ y), can be derived from the joint pdf of the underlying Gaussian process 3 (t) and its corresponding time derivative _ 3 (t), where we assume that 3 (t) and _ 3 (t) are statistically independent, i.e. The preceding equation shows that (t) and _ (t) are statistically dependent, although the processes 3 (t) and _ 3 (t) are statistically independent.
IV. THE EXTENDED SUZUKI PROCESS
The extended Suzuki process, (t), will be introduced here as a product process of the Rice process (t) with cross-correlated components (see Section II) and the lognormal process (t) (see Section III), i.e. 
where p (x; y) denotes the joint pdf of the processes (t) and (t) at the same time t. The Rice process (t) and the lognormal process (t) are statistically independent, i.e. p (x; y) = p (x) p (y). Thus, (42) can be written by using (23) 
Therefore, we rst consider p _ (z; _ z), which designates the joint pdf of the extended Suzuki process (t) and its corresponding time derivative _ (t) at the same time t. That 
where the quantities , , , and 0 are given as de ned by (21a), (21b), (38b), and (11a), respectively. After substituting (46a) in (44) and spending some e ort in algebraic computations, we can express the level-crossing rate of the extended 
where K( ; ) is the function as introduced by (46b). A detailed investigation of (47) reveals us that N (r) is proportional to the maximum Doppler frequency f max .
In the limit for 3 ! 0, the lognormal pdf p (y) tends to p ( (37). It should be clear, that in the limit 3 ! 0, and m 3 = 0, P ? (r) tends to P ? (r) as given by (33). The result of the evaluation of the level-crossing rate (47) is shown in Fig. 7(a) and Fig. 7 3 ; c ) which control the statistics of the analytical model in such a way that both the probability density function p (z) and the level-crossing rate N (r) t the corresponding measurement results p (z) and N (r), respectively. This will be the topic of the next section.
V. APPLICATIONS AND SIMULATION RESULTS

A. Applications
In this section, we apply the theory developed before to an equivalent real-world land mobile satellite channel. Therefore, we take up here two di erent types of cumulative distribution functions and level-crossing rates that were provided by measurements reported in 16]: A 870 MHz transmitter package was own by a helicopter at a xed elevation angle of 15 with respect to the receiver. As test route a rural area was chosen with about 35 percent tree cover and the rest was cleared land. Fig. 8(a) shows the measured cumulative distribution function P + (r= ) = 1?P ? (r= ) and Fig. 8(b) shows the corresponding measured normalized level-crossing rate N (r= )=f max for two distinct situations. In one, the test route was lightly shadowed and in an other one heavily shadowed by a dense tree cover.
It should be noted that the same measurements have also been considered in 7], which allows us directly to compare the performance of both methods. In 7] , not only the levelcrossing rate of the analytical and simulation model di er largely, but also the di erence between the measured level-crossing rate and the results obtained from the analytical (simulation) model is large. An appropriate error norm for our purpose that provides us with a measure of the di erence between the analytical results and the measured data is given by the following error norm 
where denotes the parameter vector = ( 2 0 ; 0 ; ; f ; 3 ; m 3 ), M is the number of measurement values, W 1 ( ) and W 2 ( ) are appropriate weighting functions, which are de ned here for simplicity by scaled versions of the reciprocals of P + ( ) and N ( ), respectively. Further improvements can be made by choosing an elaborate weighting function such that the di erence between the analytical and measured level-crossing rate will be emphasized for small values of r m = . In this way the statistical distribution of deep fades, which have a predominant in uence on the probability of bit errors, can be improved.
The elements of the parameter vector are the primary model parameters, which de ne the shape of P + (r) and N (r). Without any performance loss, we de ne in the following the minor model parameters and c = f max =f c equal to = 0 and c = 20. An optimization of the principal model parameters results in a local minimum of the error function (52). Such a local minimum can be found numerically by using, for example, the Fletcher-Powell algorithm 17].
In our rst experiment we consider the conventional model, where the Doppler psd S (f) is given in the symmetrical form (5), i.e. 0 = f min =f max = 1, and the Doppler shift of the direct component (2) Table 1 . We see in Fig. 8(a) that the tted cumulative distribution function P + (r= ) is in a remarkable good agreement with the underlying measured data, but the conventional model results in a worse coincidence between the analytical and measured normalized level-crossing rates (see Fig. 8(b) ). This result is not surprising, because it follows from (43) and (49) that the cumulative distribution function P + (r= ) and normalized levelcrossing rate N (r= )=f max of the conventional model are depending on the same parameters ( 2 0 ; ; 3 ; m 3 ). Consequently, after tting P + (r= ) and xing the parameters Table 2 . By using the extended Suzuki model, not only the cumulative distribution function P + (r= ) is in a good agreement with the measured data (see Fig. 9(a) ), but also the normalized level-crossing rate N (r= )=f max gives su cient results (see Fig. 9(b) ). It can be shown that the Doppler spread 15] of S (f) is closely related to the quantity that controls N (r= )=f max . Therefore, from the results of Fig. 8(b) and Fig. 9(b) , we draw the conclusion that the Doppler spread of practical Doppler psd functions is often much smaller than that of the theoretical Doppler psd function (5) , where a uniform angle of arrival distribution is assumed. Hence, a "uniform with a blocked sector" distribution often better matches reality. An e cient simulation system for the extended Suzuki process (t) can be derived from the analytical Model ( Fig. 2 and 
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where N i is the number of sinusoids and the quantities c i;n , f i;n , and i;n are called Doppler coe cient, discrete Doppler frequency, and Doppler phase, respectively. The resulting simulation system is shown in Fig. 10 . Observe, from this gure that no explicit realization of the Hilbert transformer is required. A detailed description of the simulation system, which is completely deterministic, is beyond the scope of the paper. For an introduction to the theory of deterministic simulation models we refer to 18, 20] , where also various methods for the computation of the parameters of deterministic simulation models are discussed. Recent results and further details can be found in 20], where analytical expressions describing the statistics of deterministic simulation models (e.g. probability density function of amplitude and phase, level-crossing rate, average duration of fades, etc.) have been derived. This makes the time consuming computation of the statistics from a simulated channel output sequence super uous, and allows among others to study the degradation e ects due to the limited number of sinusoids or due to non optimal designed discrete Doppler frequencies and Doppler coe cients. Recently, a new computation method for the discrete Doppler frequencies f i;n and Doppler coe cients c i;n has been published 21]. This procedure, which is named by method of exact Doppler spread, allows a drastic reduction in the number of sinusoids N i , without producing noticeable deviations from the desired (ideal) statistics.
In the present paper we employ that method for the design of the processes~ i (t); i = 1; 2; 3. The discrete Doppler frequencies f i;n of the processes~ 1 (t) and~ 2 For all n = 1; 2; ; N i (i = 1; 2; 3), the Doppler phases i;n are realizations of a random variable that is uniformly distributed in the interval 0; 2 ). The remaining parameters of the simulation system are exactly the same as those of the analytical model.
The simulation results, which correspond to our rst experiment (Tab. 1, Fig. 8) , are obtained by using N 1 = 15, N 2 = 16, and N 3 = 15 sinusoids. For the second experiment (Tab. 2, Fig. 9 ) the realization amount can be reduced conciderably. In this case we have 0 0 so that the in uence of the process 2 (t) (~ 2 (t)) can be neglected without harming the statistics of (t) (~ (t)), thus N 2 = 0 can be used (N 1 = N 3 = 15). For both situations (light and heavy shadowing), the simulation results of the cumulative distribution functionP + (r= ) and the normalized level-crossing rateÑ (r= )=f max of the simulation system are in an extremely good agreement with the analytical results.
VI. CONCLUSIONS
In this paper an extended Suzuki process is proposed for modelling frequency non-selective mobile radio channels. Such an extended Suzuki process is a product process of a Rice process and a lognormal process, where the inphase and quadrature components describing the Rice process are mutually correlated. In addition, the model also takes into consideration a Doppler shift of the direct line of sight component. For the extended Suzuki process the statistics with emphasis on the level-crossing rate and the average duration of fades have been investigated. Although the analytical model is described by only few but essential parameters, it o ers a highly exible behaviour and allows therefore a good adaptation of the model to large classes of frequency non-selective mobile radio channels. This has successfully been demonstrated in the present paper by a joint optimization of the cumulative distribution function and the level-crossing rate of the extended Suzuki process against measured data of a real-world land mobile satellite channel in di erent (light and heavy) shadowing environments. Additionally, a deterministic simulation model has been proposed, which is in an excellent conformity with the underlying analytical model.
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List of Figures   Fig. 1: (a) The symmetrical Jakes psd S (f) and (b) the asymmetrical Jakes psd with its individual psd functions (c) S 1 1 (f) and (d) S 2 2 (f). 
